Gene regulation is one of the most ubiquitous processes in biology. But while the catalog of bacterial genomes continues to expand rapidly, we remain ignorant about how almost all of the genes in these genomes are regulated. At present, characterizing the molecular mechanisms by which individual regulatory sequences operate requires focused efforts using low-throughput methods. Here we show how a combination of massively parallel reporter assays, mass spectrometry, and information-theoretic modeling can be used to dissect bacterial promoters in a systematic and scalable way. We demonstrate this method on both well-studied and previously uncharacterized promoters in the enteric bacterium Escherichia coli. In all cases we recover nucleotide-resolution models of promoter mechanism. For some promoters, including previously unannotated ones, the approach allowed us to further extract quantitative biophysical models describing input-output relationships. This method opens up the possibility of exhaustively dissecting the mechanisms of promoter function in E. coli and a wide range of other bacteria.
acterized promoters. 120 To first demonstrate Sort-Seq as a tool to discover regulatory 121 binding sites de novo we began by looking at the promoters 122 of lacZYA (lac), relBE (rel), and marRAB (mar). These pro-123 moters have been studied extensively (27) (28) (29) and provide a 124 useful testbed of distinct regulatory motifs. To proceed we con- Schematic of Sort-Seq. A promoter plasmid library is placed upstream of GFP and is transformed into cells. The cells are sorted into four bins by FACS and after regrowth, plasmids are purified and sequenced. The entire intergenic region associated with a promoter is included on the plasmid and a separate downstream ribosomal binding site sequence is used for translation of the GFP gene. The fluorescence histograms show the fluorescence from a library of the rel promoter and the resulting sorted bins. (B) Regulatory binding sites are identified by calculating the average expression shift due to mutation at each position. In the schematic, positive expression shifts are suggestive of binding by repressors, while negative shifts would suggest binding by an activator or RNAP. Quantitative models can be inferred to describe the associated DNA-protein interactions. An example energy matrix that describes the binding energy between an as yet unknown transcription factor to the DNA is shown. By convention, the wild-type nucleotides have zero energy, with blue squares identifying mutations that enhance binding (negative energy), and where red squares reduce binding (positive energy). The wild-type sequence is written above the matrix. (C) DNA affinity chromatography and mass spectrometry is used to identify the putative transcription factor (TF) for an identified repressor site. DNA oligonucleotides containing the target binding site are tethered to magnetic beads and used to purify the target transcription factor from cell lysate. Protein abundance is determined by mass spectrometry and a protein enrichment is calculated as the ratio in abundance relative to a second reference experiment where the target sequence is mutated away.
tion B and Fig. S3E ,F for additional characterization). We 128 begin by considering the lac promoter, which contains three lac 129 repressor (LacI) binding sites, two of which we consider here, 130 and a cyclic AMP receptor (CRP) binding site. It exhibits the 131 classic catabolic switch-like behavior that results in diauxie 132 when E. coli is grown in the presence of glucose and lactose 133 sugars (27). Here we performed Sort-Seq with cells grown in 134 M9 minimal media with 0.5% glucose. The expression shifts 135 at each nucleotide position are shown in Fig. 2A 2 . Characterization of the regulatory landscape of the lac, rel, and mar promoters. (A) Sort-Seq of the lac promoter. Cells were grown in M9 minimal media with 0.5% glucose at 37 • C. Expression shifts are shown, with annotated binding sites for CRP (activator), RNAP (-10 and -35 subsites), and LacI (repressor) noted. Energy matrices and sequence logos are shown for each binding site. (B) Sort-Seq of the rel promoter. Cells were also grown in M9 minimal media with 0.5% glucose at 37 • C. The expression shifts identify the binding sites of RNAP and RelBE (repressor), and energy matrices and sequence logos are shown for these. (C) Sort-Seq of the mar promoter. Here cells were grown in lysogeny broth (LB) at 30 • C. The expression shifts identify the known binding sites of Fis and MarA (activators), RNAP, and MarR (repressor). Energy matrices and sequence logos are shown for MarA and RNAP. Annotated binding sites are based on those in RegulonDB. sites likely reflect the different binding energies between these 141 two binding site sequences, with LacI O3 having an in vivo 142 dissociation constant that is almost three orders of magnitude 143 weaker than the LacI O1 binding site (27, 30) .
144
Next we consider the rel promoter that transcribes the 145 toxin-antitoxin pair RelE and RelB. It is one of about 36 toxin-146 antitoxin systems found on the chromosome, with important 147 roles in cellular physiology including cellular persistence (31). 148 When the toxin, RelE, is in excess of its cognate binding 149 partner, the antitoxin RelB, the toxin causes cellular paralysis 150 through cleavage of mRNA (32). Interestingly, the antitoxin 151 protein also contains a DNA binding domain and is a repressor 152 of its own promoter (33). We similarly performed Sort-Seq, 153 with cells grown in M9 minimal media. The expression shifts 154 are shown in Fig. 2B and were consistent with binding by 155 RNAP and RelBE. In particular, a positive shift was observed 156 at the binding site for RelBE, and the RNAP binding site 157 mainly showed a negative shift in expression.
158
The third promoter, mar, is associated with multiple an-159 tibiotic resistance since its operon codes for the transcription 160 factor MarA, which activates a variety of genes including the 161 major multi-drug resistance efflux pump, ArcAB-tolC, and 162 increases antibiotic tolerance (29). The mar promoter is itself 163 activated by MarA, SoxS, and Rob (via the so-called mar-164 box binding site), and further enhanced by Fis, which binds 165 upstream of this marbox (34). Under standard laboratory 166 growth it is under repression by MarR (29). We found that 167 the promoter's fluorescence was quite dim in M9 minimal me-168 dia and instead grew libraries in lysogeny broth (LB) at 30 • C 169 (35). Again, the different features in the expression shift plot 170 (Fig. 2C ) appeared to be consistent with the noted binding 171 sites. One exception was that the downstream MarR binding 172 site was not especially apparent. Both positive and negative 173 expression shifts were observed along its binding site, which 174 may be due to overlap with other features present including 175 the native ribosomal binding site. There have also been re-176 ported binding sites for CRP, Cra, CpxR/CpxA, and AcrR (1). 177 However the studies associated with these annotations either 178 required overexpression of the associated transcription factor, 179 were computationally predicted, or demonstrated through in 180 vitro assays and not necessarily expected under the growth 181 condition considered here.
182
While each promoter qualitatively showed the expected reg-183 ulatory behavior in each expression shift plot, it was important 184 to show that we could also recover the quantitative features of 185 binding by each transcription factor. Here we inferred energy 186 matrices and associated sequence logos for the binding sites of 187 RNAP, LacI, CRP, RelBE, MarA, and Fis. These are shown in 188 Fig. 2A -C and Fig. S4 , and indeed, agreed well with sequence 189 logos generated from known genomic binding sites for these 190 transcription factors (Pearson correlation coefficient r=0.5-0.9; 191 see Supplemental Information Section C). For the repressors 192 RelBE and MarR, there was no data available that character-193 ized their sequence specificity with which to compare against. 194 Here, instead, we validated our data by performing Sort-Seq in 195 strains where the relBE or marR genes were deleted. In each 196 case this resulted in a loss of the expression shift associated 197 with binding by these repressors (Fig. 3 ), suggesting that the 198 observed features are due to binding by these transcription 199 factors. 
203
It was next important to show that DNA affinity chromatog-204 raphy could be used to identify transcription factors in E. coli.
205
In particular, a challenge arises in identifying transcription 206 factors in most organisms due to their very low abundance.
207
In E. coli the cumulative distribution in protein copy number 208 shows that more than half have a copy number less than 100 209 per cell, with 90% having copy number less than 1,000 per 210 cell. This is several orders of magnitude below that of many 211 other cellular proteins (36).
212
We began by applying the approach to known binding sites into these results we also considered the predictions from a 236 statistical mechanical model of DNA binding affinity (See 237 Supplemental Information Section D). As a consequence of 238 performing a second reference purification, we find that fold en-239 richment should mostly reflect the difference in binding energy 240 between the DNA sequences used in the two purifications, and 241 be much less dependent on whether the protein was in low or 242 high abundance within the cell. This appeared to be the case 243 when considering other E. coli strains with LacI copy numbers 244 between about 10 and 1,000 copies per cell ( Fig. S5C ). Further 245 characterization of the measurement sensitivity and dynamic 246 range of this approach is noted in Supplemental Information 247 Section E.
248
Sort-Seq discovers regulatory architectures in unan-249 notated regulatory regions. 250 Given that more than half of the promoters in E. coli have no 251 annotated transcription factor binding sites in RegulonDB, we 252 narrowed our focus by using several high-throughput studies 253 to identify candidate genes to apply our approach (40, 41 features in E. coli and provide a useful starting point ( Fig. S6 ).
270
The purT promoter contains a simple repression architecture 271 and is repressed by PurR. 272 The first of our candidate promoters is associated with expres- we performed Sort-Seq on a larger region than shown for 283 each promoter, we only plot the regions where regulation was 284 apparent.
285
For the yebG promoter, the features were largely consistent 286 with prior work, containing a binding sites for LexA and RNAP.
287
However, we found that the RNAP binding site is shifted 9 288 bp downstream from what was identified previously through a 289 computational search (44), demonstrating the ability of our 290 approach to identify and correct errors in the published record.
291
We were also able to confirm that the yebG promoter was indicated by a positive shift in expression (green annotation).
308
Following our strategy to find not only the regulatory se-309 quences, but also their associated transcription factors, we 310 next applied DNA affinity chromatography using this putative 311 binding site sequence. In our initial attempt however, we 312 were unable to identify any substantially enriched transcrip-313 tion factor (Fig. S7C ). With repression observed only when 314 cells were grown in the presence of adenine, we reasoned that 315 the transcription factor may require a related ligand in order 316 to bind the DNA, possibly through an allosteric mechanism. 317 Importantly, we were able to infer an energy matrix to the 318 putative repressor site whose sequence-specificity matched that 319 of the well-characterized repressor, PurR (r=0.82; see Fig. S4 ).
320
We also noted ChIP-chip data of PurR that suggests it might 321 bind within this intergenic region (43). We therefore repeated 322 the purification in the presence of hypoxanthine, which is a 323 purine derivative that also binds PurR (46). As shown in condition, but in a ∆purR strain. In the absence of PurR, the 328 putative repressor binding site disappeared (Fig. 5D ), which 329 is consistent with PurR binding at this location.
330
In Fig. 5E we summarize the regulatory features between 331 data, we found that xylE was sensitive to xylose and proceeded 345 by performing Sort-Seq in cells grown in this carbon source. 346 Interestingly, the promoter exhibited essentially no expression 347 in other media (Fig. S7E ). We were able to locate the RNAP 348 binding site between -80 bp and -40 bp relative to the xylE gene 349 (Fig. 6A, annotated in blue) . In addition, the entire region 350 upstream of the RNAP appeared to be involved in activating 351 gene expression (annotated in orange in Fig. 6A ), suggesting 352 the possibility of multiple transcription factor binding sites. 353 We applied DNA affinity chromatography using a DNA were also similar to those found on two other promoters known 367 to be regulated by XylR (xylA and xylF promoters), whose 368 promoters also exhibit tandem XylR binding sites and strong 369 binding energy predictions with our energy matrix (Fig. S7F) . 370 Within the upstream activator region in Fig. 6A there still 371 appeared to be a binding site unaccounted for with these tan-372 dem XylR binding sites. From the energy matrix, we were 373 further able to identify a binding site for CRP, which is noted 374 upstream of the XylR binding sites in Fig. 6C . While we did 375 not observe a significant enrichment of CRP in our protein pu-376 rification, the most energetically favorable sequence predicted 377 by our model, TGCGACCNAGATCACA, closely matches the 378 CRP consensus sequence of TGTGANNNNNNTCACA. In 379 contrast to the lac promoter, binding by CRP here appears 380 to depend more on the right half of the binding site sequence. 381 CRP is known to activate promoters by multiple mechanisms 382 (50), and CRP binding sites have been found adjacent to the 383 activators XylR and AraC (49, 51), in line with our result. 384 While further work will be needed to characterize the spe-385 cific regulatory mechanism here, it appears that activation of 386 RNAP is mediated by both CRP and XylR and we summarize 387 this result in Fig. 6D (and considered further in Supplemental 388 Information Section H.3.4).
389
The dgoRKADT promoter is auto-repressed by DgoR, with 390 transcription mediated by class II activation by CRP. 391 As a final illustration of the approach developed here, we con-392 sidered the unannotated promoter of dgoRKADT. The operon 393 codes for D-galactonate-catabolizing enzymes; D-galactonate 394 is a sugar acid that has been found as a product of galac-395 tose metabolism (52). We began by measuring expression 396 from a non-mutagenized dgoRKADT promoter reporter to 397 glucose, galactose, and D-galactonate. Cells grown in galac-398 tose exhibited higher expression than in glucose, as found by 399 Schmidt et al. (41), and even higher expression when cells 400 were grown in D-galactonate (Fig. S8A ). This likely reflects 401 the physiological role provided by the genes of this promoter, 402 which appear necessary for metabolism of D-galactonate. We 403 therefore proceeded by performing Sort-Seq with cells grown 404 in either glucose or D-galactonate, since these appeared to 405 represent distinct regulatory states, with expression low in 406 glucose and high in D-galactonate. Expression shift plots from 407 to -110 of the dgoRKADT promoter. The transcription factor DgoR was found most enriched among the transcription factors plotted. Error bars represent the standard error of the mean, calculated using log protein enrichment values from three replicates, and the gray shaded region represents 95% probability density region of all proteins detected. (C) Sequence logos were inferred for the most upstream 60 bp region associated with the upstream RNAP binding site annotated in (A). Multiple RNAP binding sites were identified using Sort-Seq data performed in a ∆dgoR strain, grown in M9 minimal media with 0.5% glucose. (further detailed in Fig. S8 ). Below this, a sequence logo was also inferred using data from Sort-Seq performed on wild-type cells, grown in D-galactonate, identifying a CRP binding site (class II activation (50)). (D) Expression shifts are shown for the dgoRKADT promoter when performed in a ∆dgoR genetic background, grown in 0.5% glucose. This resembles growth in D-galactonate, suggesting D-galactonate may act as an inducer for DgoR. (E) Summary of regulatory features identified at dgoRKADT promoter, with the identification of multiple RNAP binding sites, and binding sites for DgoR and CRP. The interaction energy between CRP and RNAP, εi, was inferred to be −7.3 +1.9 −1.4 k B T , where the superscripts and subscripts represent the upper and lower bounds of the 95 th percentile of the parameter value distribution. each growth conditions are shown in Fig. 7A . 408 We begin by considering the results from growth in glucose 409 (Fig. 7A, top plot) . Here we identified an RNAP binding site 410 between -30 bp and -70 bp, relative to the native start codon 411 for dgoR ( Fig. 7B ). Another distinct feature was a positive 412 expression shift in the region between -140 bp and -110 bp, 413 suggesting the presence of a repressor binding site. Apply-414 ing DNA affinity chromatography using this target region we 415 observed an enrichment of DgoR (Fig. 7B ), suggesting that 416 the promoter is indeed under repression, and regulated by 417 the first coding gene of its transcript. As further validation 418 of binding by DgoR, the positive shift in expression was no 419 longer observed when Sort-Seq was repeated in a ∆dgoR strain 420 ( Fig. 7D and Fig. S8C ). We also were able to identify addi-421 tional RNAP binding sites that were not apparent due to 
428
Next we consider the D-galactonate growth condition 429 (Fig. 7A, bottom plot) . Like in the expression shift plot for 430 the ∆dgoR strain grown in glucose, we no longer observe the 431 positive expression shift between -140 bp and -110 bp. This 432 suggests that DgoR may be induced by D-galactonate or a re-433 lated metabolite. However, in comparison with the expression 434 shifts in the ∆dgoR strain grown in glucose, there were some 435 notable differences in the region between -160 bp and -140 436 bp. Here we find evidence for another CRP binding site. The 437 sequence logo identifies the sequence TGTGA (Fig. 7C , bot-438 tom logo), which matches the left side of the CRP consensus 439 sequence. In contrast to the lac and xylE promoters however, 440 the right half of the binding site directly overlaps with where 441 we would expect to find a -35 RNAP binding site. This type 442 of interaction by CRP has been previously observed and is 443 defined as class II CRP dependent activation (50), though this 444 sequence-specificity has not been previously described.
445
In order to isolate and better identify this putative CRP 446 binding site we repeated Sort-Seq in E. coli strain JK10, grown 447 in 500 µM cAMP. Strain JK10 lacks adenlyate cyclase (cyaA) 448 and phosphodiesterase (cpdA), which are needed for cAMP 449 synthesis and degradation, respectively, and is thus unable to 450 control intracellular cAMP levels necessary for activation by 451 CRP (derivative of TK310 (37)). Growth in the presence of 452 500 µM cAMP provided strong induction from the dgoRKADT 453 promoter and resulted in a sequence logo at the putative CRP binding site that even more clearly resembled binding by CRP ways to increase the resolution and throughput. that restrict the analysis to this organism. Rather, it should 514 be applicable to any bacterium that supports efficient trans-515 formation by plasmids. And although we have focused on 516 bacteria, our general strategy should be feasible in a number 517 of eukaryotic systems -including human cell culture -using 518 massively parallel reporter assays (13-15) and DNA-mediated 519 protein pull-down methods (20, 21) that have already been 520 established.
521

Materials and Methods
522
See Supplemental Information Section I for extended experi-523 mental details.
524
Bacterial strains. 525 All E. coli strains used in this work were derived from K-12 526 MG1655, with deletion strains generated by the lambda red 527 recombinase method (55). In the case of deletions for lysA 528 (∆lysA::kan), purR (∆purR::kan), and xylE (∆xylE::kan), 529 strains were obtained from the Coli Genetic Stock Center 530 (CGSC, Yale University, CT, USA) and transferred into a 531 fresh MG1655 strain using P1 transduction. The others were 532 generated in house and include the following deletion strains: 533 ∆lacIZY A, ∆relBE::kan, ∆marR::kan, ∆dgoR::kan (see Sup-534 plemental Information Section I.1 for details on strain con-535 struction).
536
Sort-Seq.
537
Mutagenized single-stranded oligonucleotide pools were pur-538 chased from Integrated DNA Technologies (Coralville, IA), 539 with a target mutation rate of 9%. Note that in the case of 540 the lacZ promoter, the library is identical to that used in the 541 experiments of , and had a mutation 542 rate of approximately 3%. Library oligonucleotides were PCR 543 amplified and inserted into the PCR amplified plasmid back-544 bone (i.e. vector) of pJK14 (SC101 origin) (12) by Gibson 545 assembly and electroporated into cells following drop dialysis 546 in water.
547
Cells were grown to saturation in LB and then diluted 548 1:10,000 into the appropriate growth media for the promoter 549 under consideration. Upon reaching an OD600 of about 0.3, 550 the cells were washed two times with chilled PBS by spinning 551 down the cells at 4000 rpm for 10 minutes at 4 • C and diluted 552 to an OD of 0.1-0.15. A Beckman Coulter MoFlo XDP cell 553 sorter was used to sort cells by fluorescence, with 500,000 cells 554 collected into each of the four bins. Sorted cells were then 555 re-grown overnight in 10 ml of LB media, under kanamycin 556 selection. The plasmid in each bin were miniprepped following 557 overnight growth (Qiagen, Germany) and PCR was used to 558 amplify the mutated region from each plasmid for Illumina 559 sequencing (see Supplemental Information Section I.3 and I.4 560 for additional Sort-Seq and sequencing details, respectively). 561 Details on constructing expression shift plots and the model 562 inference that was performed are provided in Supplemental 563 Information Section H.
564
DNA affinity chromatography. 565 SILAC labeling (26) was implemented by growing cells in 566 either the stable isotopic form of lysine ( 13 C6H14 15 N2O2), 567 referred to as the heavy label, or natural lysine, referred to as 568 the light label. Cell lysates were prepared using ∆lysA cells. 569 For each heavy and light labelled cells, 500 ml M9 minimal 570 media was inoculated 1:5,000 with an overnight LB culture of ∆lysA cells, and grown to an OD600 of ≈ 0.6 (supplemented 572 with the appropriate lysine; 40 µg/ml). Cultures were pelleted, 573 lyse using a Cell Disruptor (CF Range, Constant Systems Ltd., 574 UK) and concentrated to ∼150 mg/ml using Amicon Ultra-15 575 centrifugation units (3kDa MWCO, Millipore). 
